Microscopic simulation of pedestrian traffic is an important and increasingly popular method to evaluate the performance of existing or proposed infrastructure. The social force model is a common model in simulations, describing the dynamics of pedestrian crowds given the goals of the simulated pedestrians encoded as their preferred velocities.
Introduction
During the last couple of decades, the interest in simulation of pedestrian traffic has increased significantly. One reason for this is the recognition of walking as an important mode of transport, especially in connection to public transport, that should be prioritized to decrease the environmental impact of the transportation system. Another reason for the increased interest in pedestrian simulation is that development of accurate simulation tools have been made possible thanks to the increase in available computational power, and the advent of new models of pedestrian behavior. One of these models, the social force model (SFM) was introduced two decades ago by Helbing and Molnár [1] , and has since then been frequently investigated in the literature, see e.g. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , and is also implemented in commercial software [12] . It should be noted that the SFM is only one of a large class of force based models of pedestrian dynamics with a history ranging as far back as the work by [13] .
The first applications of the SFM were mainly focused on simulating emergency evacuation of buildings, see for example Helbing et al. [14] . In such applications the goal of the pedestrians is to reach an exit as quickly as possible. However, the model has since its conception been extended to include a number of nontrivial behaviors, e.g. dynamic route choice [12] and pedestrians preferring to walk in a group [15] . Also, many variations of it have been proposed. Some examples to illustrate the diversity of the variations are: A. Johansson [16] experimented with the shape of the social field by letting it depend on the relative velocity of the interacting pedestrians, and performed a thorough comparison between the proposed and the traditional specifications of the field. Parisi et al. [17] extended the model to avoid that simulated pedestrians with a high preferred speed push other pedestrians forward or to the side when trying to walk by them. This was accomplished by temporarily setting the preferred speed to zero if the space immediately in front of the pedestrian is occupied. Lakoba et al. [18] introduced a numerically stable and efficient method to impose a minimum physical radius of the pedestrians, and also proposed an extension to include memory effects.
One nontrivial behavior that has received little attention, is that of waiting. Waiting pedestrians is a common feature in almost any normal traffic situation, specially at public transport interchange stations where pedestrians wait in front of information signs, in waiting rooms and at platforms. Accurate modeling of waiting pedestrians is important when using simulation to determine the level of service at a pedestrian facility, since groups of waiting pedestrians may reduce the capacity and create bottlenecks for passing pedestrians as showed by Davidich et al. [19] . In their work a spatially discrete model in which a waiting pedestrian is fixed in one cell and do not react to other pedestrians in its neighborhood is applied. The modeling of waiting pedestrians therefore becomes restricted to the choice of waiting position. In contrast, we will in this paper investigate a number of possible ways to include, in a spatially continuous model, the reaction of the waiting pedestrians to their surroundings.
Helbing and Molnár [1, 20] and Helbing et al. [21] mention, without further analysis, that group formation among pedestrians due to social bonds, and attraction to special places, such as street artists, can be modeled by attractive, often time dependent, forces similar to the repulsive forces used to model the aversion to walking close to walls, but with opposite sign. Such model would, however, as noted by Helbing and Molnár [20] , result in behavior similar to that observed at rock concerts, with people struggling to get as close to the stage as possible; a behavior significantly differing from what is usually meant by waiting.
However, by modeling the operational behavior of the pedestrians using the SFM, it is possible to qualitatively reproduce a well known emergent phenomenon: the river-like streams of moving pedestrians through a standing crowd reported by Helbing et al. [21] . The ability of a model to correctly reproduce the formation of such streams may be important for the accuracy of predictions of macroscopic quantities, such as flow, since the formation of streams may facilitate the passage through a standing crowd in a similar way as dynamical lane formation facilitates bi-directional flow. Unfortunately dynamic lane formation and their correspondence in a standing crowd are hard to quantify.
In this article, we restrict the meaning of waiting to denote only the desire to stay at a certain place. This is the type of behavior typically displayed by people waiting at a railway platform, or in front of an information sign in a public transport interchange station. We do not include for example random strolling, or any such activity in the term waiting. Moreover, we assume that there exists a model determining if and where the simulated pedestrian prefers to stand, and investigate how this desire can be coupled to the SFM, thereby providing waiting agents with an operative behavior.
The purpose of this paper is to investigate the importance of accurate modeling of waiting pedestrians. More specifically, we hypothesize that: 1) the inclusion of waiting pedestrians in a simulated scenario will significantly affect the level of service for passing pedestrians, and 2) the details of the waiting model affect the predicted level of service, that is, it is important to choose an appropriate model of waiting.
The modeling of waiting pedestrians has two aspects, the reaction of passing pedestrians to the waiting, and the reaction of the waiting pedestrians to the passing. The main focus of the paper is on the first aspect at an aggregated level. However, the two aspects are closely connected and to understand the influence of the waiting pedestrians on the passing we also describe the reactions of the waiting pedestrians on an aggregated level. To investigate the effects of including waiting pedestrians and the sensitivity to the model used, a sequence of extensions to the SFM to include waiting pedestrians is presented, having simplicity as the guiding modeling principle.
We investigate the properties of the proposed model extensions and characterize the differences between the extensions by comparing their predictions. Furthermore we present a sensitivity analysis implying the sensitivity to the introduced model parameter and give sufficient criteria for the stability of the models. Finally, we conclude that the treatment of waiting pedestrians has significant impact on the predictions of pedestrian simulation models.
We start off in section 2 by describing the general type of modeling framework for which the proposed model extensions are intended, followed in section 3 by the presentation of the model extensions. In section 4, the simulation scenario and the results of the simulations are presented, followed, in section 5, by a discussion of the results, the limitations and the generalizability of the proposed model extensions, and possible further research directions.
Modeling framework
Since the waiting models presented in this paper are extensions to the SFM, we here give a brief review of the SFM, with focus on the features that are important for the development of the waiting models. A simulation framework based on the SFM can be viewed as a three layer model, with the levels corresponding to different mental processes of the pedestrians, ranging from instinctive behavior at the lowest level, up to premeditated behavior at the highest level, as illustrated in Figure 1 . This categorization into three levels is based on the one presented in Hoogendoorn and Bovy [22] .
To clarify and keep explanations brief, we will in the remainder of this article call a simulated pedestrian an agent, and allow ourselves to refer to an agent as it.
The objectives of the agent are determined by the activity planning model at the strategical level: what should be done, where, and when. The result of the model at the strategical level is an origin-destination (O-D) matrix which is input to the tactical level. The route choice of the agent is determined by the route choice model at the tactical level, it gives the route that should be taken by the agent, given the O-D matrix supplied by the strategical level. The instinctive evasive maneuvers that are needed to avoid collisions between the agents on their way along the given routes are determined by the model at the operational level. O-D Figure 1 : Structure of the simulation framework. The input data is an O-D matrix, which is used by the shortest path algorithm at the tactical level. The output of the tactical level, together with the individual preferred speeds of the agents provides the input v p (x), the preferred velocity at any given point, x, to the social force model at the operational level.
The work presented here is concerned with the modeling of waiting pedestrians at the tactical and operational level, that is, we do not consider the process of choosing a waiting area and waiting time. Thus, we do not model the strategical level, but regard the O-D matrix and activity plans of the agents as input data to the model. Further, at the tactical level, we let agents desire to take the shortest path, in space, between their respective origin and destination, assuming there are no other agents interfering. The instinctive behavior at the operational level is determined by the SFM which requires the preferred velocity of each agent at every moment in time as input. This preferred velocity is what connects the SFM to the tactical level; the shortest path model at the tactical level supplies the SFM with a preferred velocity such that if the agent moves with the preferred velocity at every time step it will follow the shortest path from its current position to its destination.
The SFM postulates that the behavior of pedestrians can be modeled by a set of forces that determine the accelerations of the agents. One of these forces, the preferred force, F p , manifests the desire of an agent to move with its preferred velocity,
where τ is a model parameter, v p is the preferred velocity, andẋ is the current velocity of the agent. The agents avoid walking too close to each other due to velocity dependent anisotropic social forces. For discussion on different versions of the SFM see A. Johansson [16] . Details of the particular implementation of the SFM used to perform the simulations presented in this paper can be found in F. Johansson [23] .
Waiting models
Waiting is a pedestrian behavior that includes all the three behavioral levels discussed in the previous section. The choice to wait or not to wait and in what area to wait, are choices belonging to the strategical level. We do not consider the strategical level here, but regard the results of these choices as input data. On the tactical level, waiting consists of choosing 1) where to wait within the chosen area, and 2) orientation, i.e. where to look. In addition, when the SFM is used, a preferred velocity must also be set. Finally, waiting also includes behavior on the operational level; how to react to other pedestrians while waiting.
The capabilities of the SFM have been demonstrated in many situations, such as reproducing the known real world phenomena dynamic lane formation, stripe formation and bottleneck oscillations. Furthermore, the properties of the model are well known, so it is preferable to make a minimum of modifications to it to model the operational level of the waiting behavior. The task of constructing a minimal waiting model extension then becomes that of choosing the preferred velocity of the agents while they are waiting.
Since the behavior of a waiting agent will be determined by a model differing from that of a passing agent, a transition must occur from the walking model to the waiting model. Thus we introduce two activities, walking and waiting, to specify if an agent behaves according to the standard model, or the waiting model.
We here propose a series of three waiting model extensions, starting from the most straightforward, followed by two more complex extensions to remedy the limitations of the preceding extension. In section 3.1 we discuss the general properties of the proposed waiting models, followed in sections 3.2 to 3.4 by a detailed description of each of the alternative extensions.
Preliminaries
There are many situations where pedestrians are waiting, and many of them have some feature that is special for that particular situation. Here we consider a situation common at public transport interchange stations. An object of interest, for example an information sign, is placed at position x f ∈ R 2 . We call x f a focus point to emphasize that it can be any point that the agents are looking at. Associated with the focus point is a waiting area, Ω ⊂ R 2 , from which the focus point is interesting to look at. The waiting area is a destination for a subset of the agents; before arriving to Ω their preferred velocity is directed along the shortest path from their current position to the closest point in Ω. As an agent enters Ω it is assigned a waiting time and its activity changes to waiting for the duration of that time. This can be seen as a simple case of a finite state machine, which can be extended further with additional states, see for example Curtis et al. [24] .
Usually in SFM based models, the orientation of an agent is taken to coincide with the direction of the preferred velocity, or occasionally, the actual velocity. However, a waiting agent may have both a vanishing speed and a vanishing preferred speed, which would make the traditional convention problematic. We let e = v p /v p , be the looking direction while walking, and
be the looking direction while waiting, which is the only modification to the SFM we make, and it is unavoidable since the looking direction otherwise would become undefined for a stationary waiting agent. The waiting behavior is, with the above mentioned exception, achieved by modifying only the preferred velocity, at the tactical level of the model. To set the notation and to clarify the relation between the dynamic entities of the models proposed in this paper the general geometry of the waiting scenario is depicted in Figure 2 , followed by a similar figure for each waiting model presented. The geometry of the general waiting scenario. The looking direction while waiting, e w , is directed toward the focus point x f . For clarity the looking direction will be suppressed in the following figures and only indicated by the orientation of the triangle representing the agent. In this figure and the following figures, the velocity of the agent, x, is arbitrarily chosen.
The Preferred Velocity (PV) model
The simplest possible way to model a waiting pedestrian is to set the preferred velocity while waiting, v pw , to zero. We call this model the Preferred Velocity (PV) model, and it is thus specified through v pw = 0, and e according to Equation (2) . Thus the preferred force, Equation (1), of a waiting agent is reduced to F pw = −ẋ τ . The geometry of the model is depicted in Figure 3 .
The geometry of the PV waiting model. The notation is as in Figure 2 , with the addition of F pw , which in the preferred velocity model is directed in the opposite direction of the velocityẋ.
This results in the equation of motion of a free waiting agent, i.e. an agent not affected by any other forces than its preferred force,
As an agent enters Ω its activity switches to waiting, the preferred speed is set to zero, and the looking direction is set toward the focus point. The agent slows down exponentially with the time scale τ . A quick analysis of the model described above exposes an important feature of the model. Due to the SFM, the waiting agents are helpful; even a very sparse flow of passing agents will cause the waiting agents to drift away and end up along the boundaries of the walkable area. This behavior may of course be observed when all positions in the waiting area are equivalent, but not always, so it may be appropriate to, in some situations, include a desire of the agents to stay where they are.
The Preferred Position (PP) model
As mentioned above, in some situations it is unreasonable for a waiting pedestrian to be as ignorant of its waiting position as the agents in the PV model. This can be dealt with by assuming that a waiting agent has a preferred waiting position, x pw , to which it returns after being perturbed by a passing agent. We hence call the resulting model the Preferred Position (PP) model.
One such situation is when a queuing is modeled. Then, during the time the queue does not move, each pedestrian in the queue will have a very specific preferred position, but will be prepared to temporarily deviate from it in order to let a non queuing pedestrian pass through the queue. Another example is commuters waiting on a railway platform. Then it is not uncommon that they know where the train doors will appear, and thus position themselves accordingly.
The choice of x pw belongs at a higher level in the model hierarchy, so here we assume that each agent has been assigned a preferred waiting position, and discuss the details of such a model in section 4.
To make the agents return to their preferred position, the preferred waiting velocity, v pw , is set to be directed toward the preferred position in the PP model. Further we assume that the preferred speed continuously decreases as the distance to x pw decreases, and that it vanishes if the agent is at its preferred position. Finally we assume that v pw is equal to the agents regular preferred speed when it is far from x pw .
We identify the simplest possible model obeying these assumptions as the one where the preferred speed increases linearly with the distance to the preferred position until it reaches the regular preferred speed v p at a distance d from x pw . This can be seen as a linear approximation of the general model described in the previous paragraph. More advanced functions describing the decrease of the preferred velocity as the agent approaches the preferred position can be expected to result in behavior differing slightly from the behavior described by this linear approximation.
Thus we obtain the following specification of the preferred velocity while waiting, The value of the model parameter d can be chosen by considering the motion of a free agent in the proximity of its preferred position. Choose coordinates such that x pw is at the origin (see Figure 4) . Within the distance d of x pw , the equations of motion become,
which in each dimension is the equation of a damped harmonic oscillator with damping coefficient ζ = d/4v p τ . We choose the value of d by demanding that the agent slows down and stops at the preferred position as quickly as possible, without oscillating. This means that we demand that the harmonic oscillator, Equation (4), is critically damped (ζ = 1), which implies that d = 4v p τ . The PP waiting model produces the expected behavior: when perturbed by a passing agent, a waiting agent moves out of the way and then returns back to its preferred position as the perturbing agent has passed. Thus the potential problem with the drifting agents in the PV model is solved. However, another behavior is produced that may be unrealistic in some situations: if a stream of passing agents perturb the waiting agents, the waiting ones will persistently return to their preferred position as soon as a gap appears. In the two example applications mentioned in the beginning of this section, queuing and waiting where train doors are expected, this may indeed be a realistic behavior, but in some situations the preferred position may be uncomfortable due to lots of passing pedestrians, and a more pragmatic behavior of the agent would be more realistic. One way to achieve this is to let the agent adjust the preferred position if it seems unattainable for an extended period of time.
The Adapting Preferred Position (APP) model
For some applications the agents in the PP model perhaps too stubbornly return to their preferred position. This can be solved by including the preferred position as a dynamic entity in itself. If the agent is not at its preferred position the preferred position will be dragged toward the actual position of the agent, at the same time as the agent walks toward it. We call this model the Adaptive Preferred Position (APP) model.
Let the preferred position have a mass M , and the agent have a mass m, usually m = 1. Let the preferred position be subjected to a force −F pw . Since the preferred position reasonably should have a tendency to slow down and be stationary, and to guarantee the stability of the system, we also include a friction force −kẋ pw , where k, the viscous damping coefficient, is a model parameter. Thus the waiting behavior in the APP model is described by
where v pw is according to Equation (3)(see Figure 5 ). By choosing the model parameters
and,
as shown in Appendix A, a free agent will perform the same critically damped motion relative to the preferred position as in the PP model, and the speed of the preferred position of a free agent will decrease exponentially, thereby guaranteeing the stability of the model. By stability, we here imply that if the waiting agent is perturbed by an arbitrary force during a finite time, the agent and its preferred position will return to rest shortly after the perturbing force has stopped affecting the agent.
Simulation results
In this section, results are presented for a number of simulation experiments that were performed to investigate the properties of the proposed models.
All the experiments are based on the same basic scenario, which is described in detail in section 4.1. In section 4.2 and section 4.3 comparisons of the results of running the basic scenario using the different proposed waiting models are given. In section 4.2 the effect of passing agents on waiting agents is examined through the comparison of the density distributions of waiting walkers across the corridor after the interactions have taken place. The purpose of this comparison is to quantify the difference in the reactions of the waiting agents in the three models. And then in section 4.3 the effect of waiting agents on the delay of passing agents is investigated through the delay compared to walking at the preferred speed that the passing agents suffer. The delay is a common way to evaluate the inefficiency of traffic flow, and in many circumstances the operator of the pedestrian infrastructure is interested in minimizing the delay. Therefore, delay is an important output of pedestrian traffic simulations, and its sensitivity to the model chosen to represent the waiting behavior should be investigated.
The simulated scenario
To investigate and compare the properties of the proposed waiting models a simple and general, but still realistic, simulation scenario was designed. The scenario to be modeled consists of a straight corridor, 50 m long and 8 m wide with an information sign, at x f , in the middle, in front of which a group of waiting pedestrians are gathered. Another group of pedestrians, with no interest in the information sign, passes by, interacting with the waiting pedestrians. The simulated scenario is depicted in Figure 6 . The passing agents are created in one end, uniformly distributed over the width of the corridor, with a mean rate of 2.6 s −1 . Their destination is located at the opposite end of the corridor, and the agents always aim for the closest point of the destination.
The distance from the origin to the waiting area is chosen long enough for most of the initial interactions between the passing agents to disappear, but still short enough to prevent the group to disperse due to the differences in preferred speed among the agents. Each simulation starts with no agents present. The waiting agents are created at the origin and moves toward the waiting area Ω, which acts as a destination. When an agent with Ω as destination enters Ω, the agent starts waiting, that is, its behavior becomes governed by one of the three waiting models described above. The passing agents are created 10 s after the waiting agents were created, also at the origin.
In the PV model the waiting agent just slows down while turning its field of view toward x f . In the PP and APP models, as the agent enters Ω, it is assigned a preferred position, x p , on the line segment connecting x f and the agent, such that |x p − x f | = 2 m. The agent turns its field of view toward x f and walks toward x p , while slowing down.
The three waiting models proposed in this paper differ in how the waiting agents behave when, but most importantly after, they are perturbed by other agents. Also the duration of the perturbation has different effects in the three models. To make a proper comparison of the models, the number of passing agents should be varied so that such effects can be accounted for. Two experiments were performed for each model, one with 10 passing agents and one with 100 passing agents. In both cases there were 10 waiting agents.
From observations of the animated output of the experiments it was clear that the models produce a behavior such that the passing agents tend to follow each other through the waiting group, in accordance with the expectations. However, due to the difficulties connected to quantifying this phenomenon, we do not try to directly compare it between the models.
The density of waiting agents
To quantify the effect of the passing agents on the waiting agents, the density distribution of waiting agents after the passing agents have passed is examined. To simplify the presentation we only study the distribution in the direction perpendicular to the flow, and integrate over the length of the corridor.
As a measure of the density we use the local agent density,
where σ is the scale of an agent in the continuous density field, x i the location of agent i, and the sum is taken over all agents. Since the social force between agents has a range scale σ sfm ≈ 0.6 m, see Zanlungo et al. [25] and A. Johansson [16] , we use this as the scale of an agent, as proposed in F. Johansson [26] . This measure of the density has the advantage that it always results in a continuous density field, to the cost that it gives a small density where there cannot be any pedestrians. The PV model is expected to result in a density distribution with peaks close to the walls of the corridor, since the waiting agents moving according to this model will not return to their original position after being perturbed by the passing agents. This effect should be more pronounced with more passing traffic. The PP model on the other hand is expected to result in a distribution with a peak in the middle of the corridor, since the agents moving according to this model always return to their preferred position. Finally, the APP model is expected to result in a distribution somewhere in between the PV and the PP model, and to be sensitive to the volume of the passing traffic.
The results of the experiments including 10 waiting and 10 passing agents are presented in Figure 7 . The density distribution across the corridor is calculated by first calculating the local mean density field at a moment in time shortly after all the passing agents have passed. This field is then integrated over the length direction of the corridor to obtain a distribution for each repetition of the simulation. The mean of the distributions of all 100 replications are then calculated together with the standard error of the mean in each point. In Figure 8 , the corresponding results of the experiments involving 100 passing agents are presented. As can be seen in Figure 7 and Figure 8 , the different models behave as expected. The distribution obtained from the experiments with the PV model exhibits clear peaks close to the corridor walls in both experiments. In the experiment with 10 passing agents there are some waiting agents that are located in the middle of the corridor after interacting with the passing agents, but in the experiment with 100 passing agents almost all waiting agents are pushed to the sides.
The PP model results in almost identical distributions regardless of the passing traffic volume. The waiting agents are concentrated to the middle of the corridor. Finally the APP model results in a slightly spread out centered peak in the experiment with 10 passing agents, while resulting in an almost identical distribution as the PV model in the experiment with 100 passing agents.
The results of the APP model presented above were obtained by setting the mass parameter to M = 4, and as usual m = 1. To investigate the sensitivity of the model to variations of the value of M , a series of experiments were performed where the value of M was varied from 1 to 64. It is not reasonable to let M attain values below 1, since this would imply a shorter time scale for the dynamics of the preferred position than for the agent itself. The hypothesis was that the result would vary from being similar, but not identical, to the PV model for low values of M , to becoming more and more similar to the PP model as M increases. Note that the APP model, Equation (5), becomes identical to the PP model in the limit of infinite M .
The results of simulations with four values of M are presented in Figure 9 and Figure 10 . As can be seen in Figure 9 , the result is not overly sensitive to the value of M : there is a fourfold increase in the value of M and still the shift in the distribution is gradual. This implies that there are no sensitivity problems related to the choice of the value of M . This is important since the value must be obtained through calibration since it neither is directly observable, nor does it have a clear behavioral or physical interpretation that can facilitate an a priori determination of its value. As expected, the experiment with a high value of the parameter, M = 64, gives a distribution almost identical to that from the experiment with the PP model in Figure 7 , and the experiment with a low value, M = 1, gives a distribution indicating that a significant shift toward the corridor walls has taken place. This behavior is expected since the mathematical formulation of the APP model is identical to the PP model in the limit of infinite M . In Figure 10 we can see the transition between two different behaviors as the parameter value varies: for low values of M the waiting agents are pushed to the sides, and stay there, while for large values they immediately return to the middle of the corridor. A similar difference can be seen when comparing the results of the APP model with M = 4 in Figure 7 to the corresponding one in Figure 8. 
The delay of the passing agents
To quantify the effect of the presence of waiting agents on the passing agents, the extent to which the passing agents are delayed is examined. This is important since the delay, or walking time, is one of the most important outputs of a pedestrian simulation study, and if this quantity is sensitive to the way waiting pedestrians are modeled, then care must be taken when choosing waiting model in practical applications.
Since the waiting agents in the different models are more or less inclined to move out of the way it is expected that this will result in differences in the delay of the passing agents. The PV model is expected to predict the least delay, while the PP model is expected to produce the most.
The mean delay of the passing agents was calculated for each of the experiments and can be found in Figure 11 . The delay of an agent is defined as the difference between its experienced travel time and the time it would have taken if it had walked along its shortest path at its preferred speed. As can be seen from the figure there are significant differences between the predicted delay of the different models. This becomes specially apparent if we consider only the additional delay caused by the waiting agents, that is the difference to the reference scenario "N=0" without waiting agents. Then we see that in the PP model the waiting agents causes an additional 30% and 34% delay compared to the PV model in the 10 and 100 passing agents experiments respectively.
The mean total delay is a highly aggregated measure of the delay inflicted on the passing agents. To investigate this in more detail it is possible to study the distribution of individual delays. It is expected that the PV model should produce a smaller frequency of agents with a high delay compared to 10 walkers 100 walkers Figure 11 : The mean delay of the passing agents in the experiment with 10 passing agents (white bars), and 100 passing agents (gray bars).
In both cases there are 10 waiting agents. Also included is a reference scenario without any waiting agents ("N=0"). The errorbars represent the 95% confidence intervals of the estimated means, based on 100 repetitions of the simulation. In the simulations with the APP model the mass parameter was set to M = 4.
the PP model, and also to some extent the APP model. Since high delays are expected to be connected to situations when a waiting agent is located almost exactly straight in front of an approaching agent, or when the passing agent has to perform several avoidance maneuvers, these situations should be less frequent when the waiting agents adjust their waiting positions. The total delay of each passing agent from 100 repetitions of the simulation for each model was collected into a 50 bins histogram. The results can be seen in Figure 12 . The figure confirms the expectations; the PV model produces fewer high delay results than the PP model.
Discussion
The comparison of the output of the different models clearly indicates that the choice of waiting model is of high importance for the applicability of pedestrian simulation.
If we compare the density distributions of waiting agents when the APP model is used in Figure 7 and in Figure 8 , we see that the distribution of waiting agents is highly dependent on the passing flow. In the first case with 10 passing agents we see just a slight widening of the central peak, while when 100 agents pass almost all the waiting agents are forced to the sides. We see a similar difference when comparing the distributions from experiments with a fixed volume, and varying value of M , Figure 9 and The simulated scenario, described in section 4.1, may at a first glance seem overly specific. However, it should be noted that the scenario could easily be generalized by allowing the focus point x f to be chosen individually by each agent and even have it depend on time. From the perspective of the waiting models, the only assumptions we make are that there is a transition to the waiting activity, and an externally given looking direction, motivated by the environment.
Of course, the models may also be generalized by inclusion of additional parameters, or allowing for a more general form of the dependence of the preferred speed on the distance to the preferred position, but doing so would destroy the simplicity of the models and complicate the analysis of the model properties since the analogue with the well known physical system of the harmonic oscillator would be lost. However, the models proposed here will remain useful as first approximations.
There is one important limitation in the applicability of the models. They all assume that waiting pedestrians still react to surrounding pedestrians according to the SFM. This results in waiting agents that are quite sensitive to their surroundings, which in some situations not corresponds to reality, for example if the waiting pedestrians have lots of luggage. This limitation may be rectified by the introduction of an additional parameter that determines the sensitivity of waiting agents to forces from the surrounding agents by simply scaling down the waiting agents reaction to these forces by a factor, thus leading to more stationary waiting agents. However, using scaling of the reactions is not trivial since it disturbs the delicate balance between forces in the SFM, but is an interesting subject for future research.
Of course, the accuracy of the waiting models is limited by the accuracy and drawbacks of the SFM, and of force based models in general. However, the proposed waiting models do not exhibit any oscillatory behavior, and are by construction guaranteed not to do so. In addition to this, the waiting models themselves are not calibrated or validated using observational data. This is, however, not a problem in this study since the purpose is to estimate a lower bound on the effect of including waiting agents, and to estimate the sensitivity of the results with respect to the specifications of the waiting model. One should also note that there are many specifications of the SFM. However, the waiting models proposed here do not depend on the precise form of any such specification, but could be applied to many force based models. The detailed numerical results do, however, depend on the specific type of model, as well as the parameters used.
In this paper, the route choice of the passing pedestrians, that is their desired velocity, was assumed to be static. It has been shown that using a dynamic route choice model that to some extent directs the agents closer to a quickest path, rather than the static shortest path, may result in more realistic behavior [12] . Also, the study by Davidich et al. [19] indicate that passing pedestrians prefer to walk around a waiting group rather than through it, indicating that dynamic route choice is important. However since there seems to be no consensus in the literature on how such a dynamic route choice model should be constructed we chose to investigate the proposed waiting models in a scenario where it can be assumed that dynamic route choice will have a small effect on the results.
It is clear that a more accurate model governing the choice of the preferred position in the PP and APP models should take into consideration several factors that was omitted in this paper: the distribution of waiting agents already present, the passing flow or the waiting agents estimate of the future passing flow, and possibly also conditions affecting the attractiveness of the waiting area, such as the readability of a sign, availability of shelter, or the prospect of being able to board a public transport vehicle. There exists some reported observations on where people prefer to wait under specific circumstances, such as on railway platforms [27] and in railway stations [19] , but these observations are on a higher level of aggregation. Investigating the effect of different models for the choice of the preferred waiting position is an important line of future research.
Conclusions
We have proposed, and investigated the properties of, three models for simulation of waiting pedestrians in SFM based simulation frameworks. The models are simple and applicable as first approximations of waiting behavior, and due to their simplicity we were able to provide sufficient criteria for their stability.
Through a series of simulation experiments we showed that the differences between the predictions of the three proposed models are significant. We can conclude that the treatment of waiting pedestrians is important for the predictions of pedestrian simulation models. This implies that any application of SFM based pedestrian simulation to scenarios with a significant amount of waiting pedestrians is associated with uncertainties; further model development and calibration is needed to provide reliable results.
Further research inspired by the work presented includes the study of to what extent the reactions of pedestrians to surrounding traffic are suppressed when they are waiting, and how the choice of a preferred waiting position can be dynamically modeled in a general pedestrian traffic scenario. Thus we can guarantee that, for any initial conditions such that the agent is within a distance d of the preferred position, the agent returns to its preferred position without oscillations, and the preferred position is dragged toward the agent, also without oscillations. This is true for any value of M ≥ m, where larger M results in slower and smaller adjustments of the preferred position.
To further indicate the stability of the model, we give an upper bound on the maximum speed of the preferred position. When the distance to the preferred position is greater than d the motion of the agent is determined by the standard SFM preferred force, but guided toward a moving target,
Since the speed of the agent is bounded by a maximum speed v max , the maximum preferred force is m(v p + v max )/τ . Assuming, in line with finding an upper bound, that this force could be sustained for a longer period of time, the motion of the preferred position would be described by
Since the preferred position is created at rest, and its motion is described by Equation (A.3) if it is affected by the maximum possible force, the maximal speed of the preferred position iṡ
Thus both the speed of the agent and the speed of its preferred position is bounded, and both decrease exponentially in the absence of external forces.
